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A compact cryogenic Kerr microscope for operation in the small volume of high-field magnets is 
described. It is suited for measurements both in Voigt and Faraday configuration. Coupled with 
a pulsed laser source, the microscope is used to measure the time-resolved Kerr rotation response 
of semiconductor microstructures with ~1 micron spatial resolution. The microscope was designed 
to study spin transport, a critical issue in the field of spintronics. It is thus possible to generate 
spin polarization at a given location on a microstructure and probe it at a different location. The 
operation of the microscope is demonstrated by time-resolved measurements of micrometer distance 
diffusion of spin polarized electrons in a GaAs/AlGaAs heteroj unction quantum well at 4.2 K and 
7 Tesla. 



I. INTRODUCTION 

The field of spintronics aims at manipulating the spin 
and charge degrees of freedom of carriers in order to ex- 
pand the functionalities of current electronic devices. In 
this field, microscopy based on the magneto-optical Kerr 
effect (Kerr microscopy) is particularly valuable for mea- 
suring spin polarization in ferromagnetic and semicon- 
ductor micro and nanostructures. In recent years, Kerr 
microscopy has been applied by several research groups to 
study phenomena relevant to spintronics. For example, 
Awschalom and coworkers utilized a room-temperature 
optical microscope, electromagnet and cryogenic cell with 
cold finger to measure continuous-wave (cw) and time- 
resolved Kerr rotation in biased semiconductor strips^. 
Erskine and coworkers studied room-temperature do- 
main wall propagation in permalloy nanowires subject 
to fast-rise time magnetic field step waveforms utilizing 
an oblique-incidence Kerr polarimeter wi th 2 /.tm spatial 
resolution and 1 ns temporal resolutiorP'^. Imamoglu 
and coworkers utilized a bath cryostat with supercon- 
ducting magnet that incorporated optics, detectors and 
positioners inside the cryostat for cw measurements of 
single spins in quantum dots'*. 

Characteristics that are desirable in a Kerr microscope 
for spintronics research are the ability to apply large mag- 
netic fields, a time-resolution on the timescale of the spin 
dynamics, the ability to excite and probe spins at dif- 
ferent locations using different photon energies and the 
possibility to operate in Voigt and Faraday geometries. 
Application of large magnetic fields is often desirable in 
order to produce large Zeeman splittings or to distinguish 
between different spin populations in a sample. Time- 
resolving spin dynamics has proven to be a very powerful 
tool in the field of spintronics. It allows direct observa- 
tion of spin precession, dephasing and transport. Studies 
of spin transport, in particular, benefit from the ability 
of exciting spin polarized carriers in one place and de- 



tecting them at a different location. The possibility to 
operate the microscope while applying the magnetic field 
parallel to the sample plane (Voigt configuration) or per- 
pendicular to the sample plane (Faraday configuration) 
allows, for example, controlling the magnetization orien- 
tation of ferromagnetic films with perpendicular or in- 
plane magnetic anisotropy. Moreover, in band-gap engi- 
neered semiconductor heterostructures, two-dimensional 
charge carrier systems can be Zeeman- or Landau split 
in these configurations, respectively. This can be ex- 
ploited, for example, in dilute magnetic semiconductors 
like GaN:GcP. 

Additional characteristics that are desirable in the 
Kerr microscope are high sensitivity, high spatial reso- 
lution and possibility of cryogenic operation. The sensi- 
tivity of the Kerr microscope is given by the minimum 
Kerr rotation angle that can be measured and is typi- 
cally of the order of a few /irad. High spatial resolution 
can be achieved with objective lenses of very short focal 
distance. The spatial resolution r is determined by the 
wavelength A of the laser source utilized and the numer- 
ical aperture of the objective lens A^^: 



Submicrometer resolution is easily achievable using high- 
NA objective lenses {NA^ 1) and laser sources with wave- 
lengths in the UV, visible or near IR range. However, in 
practice, the small cryogenic measurement volumes in- 
side high-field magnets enforce long distances between 
room temperature optics and the sample. This is in con- 
flict with the convenience of utilizing high-quality micro- 
scope objectives at room temperature. The possibility of 
cryogenic operation is important, among other reasons, 
because spin relaxation rates tend to be strongly tem- 
perature dependent. This temperature dependence often 
helps identifying the dominant spin relaxation mecha- 
nism. 
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In this article a cryogenic sample-scanning Kerr micro- 
scope for static and time-resolved Kerr rotation (TRKR) 
measurements in high magnetic fields is described. A 
compact design based on in situ operation of an aspher- 
ical singlet lens and a piezo-driven translation stage al- 
lows obtaining micron-scale resolution inside the bore of 
a large superconducting magnet. The instrument can 
operate in Faraday and Voigt configurations and with 
femtosecond or cw lasers. The spatial resolution can 
be as good as 1 micrometer. Sample temperature can 
be set between 1.5 K and 300 K and magnetic fields 
of up to 8 Tesla can be applied. The capabilities of 
the microscope are demonstrated by measuring the time- 
resolved Kerr rotation response of devices fabricated on 
a GaAs/AlGaAs heteroj unction quantum well at 4.2 K 
and 7 Tesla. The applicability of the instrument for 
time-resolved studies of spin transport is demonstrated 
by measuring micrometer distance diffusion of spins pre- 
cessing in an applied magnetic field. 



II. INSTRUMENT CONFIGURATION 

The Kerr microscope consists of three main parts: 1. 
light source, tabletop optics and detection system, 2. 
magneto-optical cryostat and 3. insert which contains 
an XYZ sample positioner, objective lens and electrical 
leads to the sample. Figure [T] shows a schematic of the 
most important components of the system. In this sec- 
tion the configuration of the three parts of the microscope 
will be discussed in detail, focusing on the configuration 
required for time-resolved Kerr rotation measurements of 
spin transport in semiconductor microstructures in the 
Voigt geometry. Data taken in this configuration will be 
presented. The possibility of changing to other configu- 
rations, for example to Faraday geometry or static Kerr 
measurements, do not present major difficulties. 

The light source, tabletop optics and detection sys- 
tem generate and deliver the appropriate light beams to 
the sample and detect the changes of polarization of the 
reffected beam. For time-resolved Kerr rotation mea- 
surements, a pulsed laser system is utilized. In this case 
two light pulses are required: a pump pulse which gen- 
erates a non-equilibrium spin polarization in the sample 
and a probe pulse which measures this non-equilibrium 
spin polarization at a certain location and at a differ- 
ent moment in time. Light pulses are generated by a 
cavity-dumped Ti:sapphire laser (KMLabs Inc. Cascade) 
with pulse width of 20 fs. The laser spectrum is cen- 
tered at 800 nm and has a full-width at half-maximum 
(FWHM) of ~80 nm. A prism compressor is used to 
pre-compensate for dispersion caused by several millime- 
ters of calcite and quartz in the beam path before the 
sample. A 1:5 beamsplitter is used to divide the sin- 
gle beam from the laser source into separate pump and 
probe beams. The time delay between the pump and 
probe pulses can be set by a computer-controlled delay 
stage (Physik Instrumente M-531.DD) with 0.1 micron 
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FIG. 1: Schematic of key components of the system. Pump 
and probe beams are indicated. Each beam passes through 
different interference filters fl and f2. Half-wave plates (A/2) 
and Glan- Thomson polarizers (P) ensure proper beam po- 
larizations. A photoelastic-modulator (PEM) modulates the 
pump between right and left circular polarizations at 50 kHz. 
Pump and probe beams are steered using beamsplitters Bl 
and B2. The light from a white LED is collected by lens LI 
(focal length 4 cm) and focused by lens L2 (focal length 15 
cm) a few cm in front of the objective lens in the cryostat. 
Beamsplitter B3 sends the illumination light into the objec- 
tive lens. The sample is positioned inside the cryostat using 
an XYZ piezo-driven translation stage (S). The cryostat is 
equipped with a spit-coil superconducting magnet (M). Pump 
and probe beams as well as the illumination light are focused 
onto the sample by the objective lens in the cryostat which is 
depicted next to the translation stage. Reflected laser and il- 
lumination light are coUimated by the objective lens and exit 
the cryostat. Beamsplitter B4 collects the reflected laser light 
and sends it to the detection system. Light from the sam- 
ple surface passes through all beamsplitters and is focused by 
lens L3 (focal length 19 cm) to form an image on the camera 
(Cam.). In the detection system, interference filter f2, rejects 
the pump light. A WoUaston prism (WP) separates the re- 
flected probe into s- and p-polarizations and a half-wave plate 
is used to ensure equal intensities of both polarizations in the 
absence of a pump pulse. Lenses L4 (focal length 10 cm) focus 
the orthogonal polarizations of the probe light onto identical 
photodiode detectors Dl and D2. 



step size and travel range of 60 cm. Half-wave plates 
(A/2 in Fig. [T|) followed by Glan-Thomson polarizers (P) 
in both pump and probe arms are used to produce beams 
with well defined polarization. A photoelastic modulator 
(Hinds PEM-90 I/FS50) placed on the path of the pump 
beam modulates its polarization between right-circular 
polarization and left-circular polarization at a frequency 
of 50 kHz. In order to study the laser wavelength depen- 
dence of the Kerr response of the sample, 10 nm (~18 
meV) FWHM spectral bandwidth interference filters are 
placed in the path of both pump (fl) and probe beams 
(f2). The resulting spectral filtering increases the width 
of both pulses to approximately 120 fs. The measure- 
ments that will be discussed in the following section were 
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done utilizing filters centered at 780 nm for the pump and 
820 nm for the probe beams. 

In order to control the positions of pump and probe 
beams on the sample and their separation, imaging and 
beam steering optics were installed. A near-IR sensitive 
camera (JAI CV-M50IR) is used for imaging (Cam. in 
Fig. [l]). Both imaging and illumination are done through 
the objective lens in the microscope insert (detail descrip- 
tion of the microscope insert is given below) . The sam- 
ple is illuminated using a collector lens (LI, focal length 4 
cm) which coUimates the light from a white light-emitting 
diode and a condenser lens (L2, focal length 15 cm) which 
focuses this light a few centimeters in front of the ob- 
jective lens in the insert. The objective lens focuses the 
white light illuminating an area on the sample of approx- 
imately 150 microns in diameter. Light reflected from 
the sample is collected by the objective lens and is fo- 
cused onto the camera using a large diameter achromatic 
lens with focal length 19 cm (L3). The pump and probe 
beams incident on the sample are also imaged by the cam- 
era allowing easy beam steering. The position of pump 
and probe beams on the sample is manually controlled by 
steering beamsplitters Bl and B2 using high-resolution 
actuators. The angular sensitivity achievable in this con- 
figuration is approx. 4.6 arcsecond. The effective focal 
length of the objective lens is 2.75 mm, which gives a 
lateral beam displacement sensitivity of ~0.06 microns. 

The detection system consists of a balanced photodi- 
ode bridge which measures the rotation of the plane of 
polarization of the reflected probe beam. The probe light 
reflected from the sample is collected and coUimated by 
the objective lens in the insert after which the light is 
sent to the detection system by beamsplitter B4 indi- 
cated in Fig. [T] An interference fllter, f2 in the flgure, 
similar to the one in the probe beam path, is used to re- 
ject the pump light. A half- wave plate rotates the probe 
polarization by 45° after which the probe is split into 
two beams with s- and p-polarizations using a WoUas- 
ton prism (WP). The emerging beams are detected by 
separate but identical photodiodes Dl and D2. Voltage 
outputs from the photodiodes are subtracted and sent to 
a lock-in amplifler. The voltage measured by the lock-in 
amplifier at the frequency of the polarization modula- 
tion (50 kHz) is, to first order, proportional to the Kerr 
rotation angle. Kerr ellipticity contributes to the mea- 
sured voltage only as a third order correction. In order to 
balance the photodiode bridge, the half-waveplate before 
the WoUaston prism is rotated slightly until the differ- 
ence between the signals measured with the two photo- 
diodes is minimum. A rotation of the plane of polariza- 
tion of the probe beam caused by the pump pulse causes 
an increase in the intensity detected by one of the pho- 
todiodes and a decrease in the intensity detected by the 
other. The difference between the two intensities can be 
positive or negative, indicating Kerr rotation angles of 
opposite signs. 

A magneto-optical cryostat is used to control the sam- 
ple temperature and to apply a static magnetic field. 



The cryostat used was an Oxford Instruments Spectro- 
mag SM4000-8 equipped with a split pair superconduct- 
ing split-coil magnet (M in Fig. [T]) capable of producing 
magnetic fields of up to 8 Tesla. The sample is cooled by 
He gas flow from a liquid He reservoir. Sample tempera- 
ture can be set between 1.5 K and 300 K. The split pair 
magnet allows optical access to the sample with the mag- 
netic field applied along the optical axis (Faraday con- 
figuration) or perpendicular to it (Voigt configuration). 
The orientation of the magnetic field can be changed by 
180° without modifying the optics by use of the bipolar 
power supply of the magnet. 

The sample insert is the most critical part of the Kerr 
microscope. It contains the sample, objective lens, tem- 
perature sensor, sample positioning and focusing system 
and electrical leads to the sample. The insert is placed 
inside the magneto-optical cryostat, requiring all parts 
to perform well at low temperatures and high magnetic 
fields. A picture of the insert with all parts indicated 
is shown in Fig. [2] The insert consists of a cylindrical 
copper housing fixed at the end of the sample rod sup- 
plied with the magneto-optical cryostat. The cylinder 
diameter is 25 mm. The objective lens is mounted on 
a copper/polyimidc holder at the bottom of the copper 
cylinder. The special lens holder ensures that no stress 
is applied to the lens due to thermal contraction of the 
materials during cool down. The objective lens will be 
discussed in more detail later. The sample is mounted on 
a modified ceramic chip carrier with eight electrical lead 
contacts and placed approximately in the focal plane of 
the objective lens. The chip carrier is mounted on an 
all-polyimide frame. The frame material was chosen to 
have low thermal contraction and good electrical isola- 
tion properties. Eight spring- loaded pins mounted on 
the frame make electrical contact with the leads in the 
chip carrier. In addition, the spring force of the pins 
holds the chip carrier in a fixed position in the polyimide 
frame and allows changing the samples easily by simply 
placing a different chip carrier into the frame. A Cernox 
temperature sensor (LakeShore CX-1050-SD, not visible 
in the figure) is placed on the frame in order to accurately 
monitor the temperature of the sample. 

The polyimide frame holding the sample is screwed 
onto an XYZ inertial piezo-driven translation stage (At- 
tocube Systems ANPxyz50/LT) having 10 nm minimum 
step size at 4.2 K and a total travel range of 4 mm in the x 
and y directions and 3 mm in the vertical direction. The 
small step size of the translation stage allows accurate 
scanning and positioning of microstructures with respect 
to the focused laser beams while its long travel range al- 
lows measuring several devices on a single sampld^. After 
each step of the translation stage, the piezos go back to 
zero voltage resulting in no drift of the sample position 
due to noise in the piezo driving electronics. The trans- 
lation stage holding the polyimide frame and chip carrier 
is fixed inside of the copper cylinder on the top part. 
This allows free displacement of the sample with respect 
to the objective lens. Translating the sample along the 
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FIG. 2: Side view of the microscope insert. The parts of the insert as discussed in the main text are: 1. copper housing, 2. 
XYZ translation stage, 3. polyimide frame, 4. spring-loaded pins, 5. modified ceramic chip carrier, 6. lens and lens holder. 
The temperature sensor is on the back side and thus not visible. 



optical axis of the objective lens changes the focusing of 
the laser beam as well as the focusing of the image of the 
device surface captured by the camera. Translation in 
the remaining two directions allows scanning the sample 
surface. 

Proper selection of the objective lens in the insert is 
decisive to the performance of the microscope. Since the 
microscope is designed to work with a split-pair mag- 
net both in Faraday and Voigt configurations, space con- 
strains inhibit the use of mulit-element microscope ob- 
jectives. Instead, a single, high-numerical aperture as- 
pherical lens has to be used. 

Diffraction-limited focusing of the incoming laser 
beams ensures the highest spatial resolution. Spherical 
and chromatic aberrations are major obstacles in obtain- 
ing a diffraction-limited spot size on the optical axis of 
the objective lens. For measurements of spin transport it 
is necessary to ensure nearly diffraction-limited spots not 
only on-axis but also off-axis. In this case it is essential 
to minimize comatic aberration. 

The detrimental effects of spherical aberration can be 
minimized by utilizing specially designed aspheric lenses. 
A wide range of small diameter high-NA aspheric lenses 
designed for wavelengths in the vicinity of 800 nm are 
commercially available. In order to choose the proper 
lens for the Kerr microscope geometrical ray tracing cal- 
culations of selected aspheric lenses were performed. In- 
coming parallel rays, both marginal and paraxial, were 
traced through the lenses at different wavelengths within 
the laser spectrum. Subsequently the diameter of the 
focal spot for each lens was calculated when focusing 
the beams on-axis and off-axis. The parameters that 
entered the calculation are the known refractive index 
values of the lens material, the incoming light wave- 
lengths and the aspheric coefficients for both lens sur- 
faces. A detailed comparison was made for two as- 
pheric lenses designed for 830 nm with numerical aper- 



ture 0.68, one biconvex (LightPath 350330) and one 
plano-convex (LightPath 350390). The calculations re- 
vealed that with the biconvex lens on-axis diffraction- 
limited spot size can be achieved at the design wavelength 
(spherical aberration-free). In contrast, the plano-convex 
lens causes some spherical aberration even at the design 
wavelength. Plano-convex lenses, however, have mini- 
mum comatic and spherical aberrations when focusing a 
coUimated beam. In fact, comatic aberration of the bi- 
convex lens was calculated to be much larger than that 
of the plano-convex lens. By taking this into account 
the plano-convex lens was chosen to be most appropriate 
for the Kerr microscope. According to our calculations 
for the plano-convex lens, the combined spherical and 
chromatic aberrations (for 10 nm spectral bandwidth) 
increase the diameter of the on-axis spot by only ~6% 
compared to the diffraction-limited case. 

Spatial profiles of the laser light at the focus are mea- 
sured with a knife-edge technique. The laser beam is 
focused on the surface of the sample, in this case, an epi- 
taxially grown GaAs/AlGaAs heteroj unction structure. 
A square Ti/Au pad (170 ^m wide and 150 nm thick) 
was deposited on the sample surface by lithography and 
lift-off (see the inset on the top- left corner of Fig[3|. The 
edge of the gold pad was used as knife-edge. The laser 
beam is focused on the surface of the sample close to the 
gold pad. The gold pad is oriented such that the sample 
can be translated parallel and perpendicular to the edges 
of the square pad. The reflection of the focused beam is 
collected and detected by a silicon photodiode. The edge 
of the gold pad is moved across the focused beam and 
the reflected light intensity is measured as a function of 
the lateral displacement of the gold pad. 

Utilizing the knife-edge technique, the focused spot 
profile was measured at temperatures 4.2 K and 300 K 
for a laser beam with spectrum centered at 820 nm and 
spectral FWHM of 10 nm. The measurement at 4.2 K is 
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FIG. 3: Reflected intensity of the focused laser beam as a 
function of lateral position of the edge of the gold pad. The 
derivative of this trace, shown in the inset in the lower right 
corner, gives the spatial intensity profile of the focused beam. 
The spot's FWHM at 4.2 K is ~1.6 fim. The inset on the 
top-left corner shows an optical image of the gold pad on the 
heterostructure surface. The laser beam used in this mea- 
surements had a spectrum centered at 820 nm and spectral 
FWHM of 10 nm. 

presented in Fig. [3] The derivative of this trace, shown 
in the inset on the lower right corner of the figure, is the 
spatial profile of the focused beam. The focused spot 
profile has a nearly Gaussian shape with FWHM of ~ 1.6 
/im. At 300 K the measured FWHM is ~1 fj,m, consis- 
tent with the spot diameter expected from Eq. (jT). The 
larger spot diameter measured at low temperature is pre- 
sumably due to change of the objective lens shape caused 
by thermal contraction. 



III. MEASUREMENTS AND DISCUSSION 

The operation of the Kerr microscope is demonstrated 
by measuring the time-resolved Kerr rotation (TRKR) 
response of a GaAs/AlGaAs heterojunction structure 
containing a two-dimensional electron gas (2DEG). De- 
tailed description of the material was given elsewher^. 
Briefly, the substrate is a [001] oriented z-GaAs crystal. A 
multilayer buffer consisting of ten periods of GaAs/AlAs 
grown on the substrate is used to smoothen the substrate 
surface. A 9330 A layer of undoped GaAs, called the 
accumulation layer, is grown over the multilayer buffer. 
A 368 A spacer layer of undoped Al32Ga68As is de- 
posited on top of the accumulation layer. Next, a donor 
layer consisting of 719 A of Si-doped Al32Ga68As with 
~ 1 X 10^* dopants/cm^ donates electrons that form the 
2DEG at the interface between the accumulation layer 
and the spacer layer. The heterostructure is capped with 
55 A of n-GaAs. 

A typical TRKR trace measured with the microscope 
is shown in Fig. [4] The Kerr rotation angle is plotted in 
the vertical axis as a function of pump and probe delay. 



FIG. 4: Time-resolved Kerr rotation response of the hetero- 
junction 2DEG sample measured with the Kerr microscope 
described in this article. The vertical scale is the Kerr rota- 
tion angle and the horizontal is the delay time between pump 
and probe pulses. The oscillations of the Kerr angle are due 
to precession of spins in the external magnetic field. The 
beating pattern of the Kerr signal shows that at least two 
different population of spins contribute to the total response. 
The inset is the Fourier transform of this data. Two strong 
peaks, corresponding to the two populations observed, are 
clearly seen in the Fourier spectrum. The low frequency peak 
{\gl \ = 0.34) corresponds to electrons spins in the 2DEG and 
the high frequency peak {\g2\ ~ 0.44), to electron spins in 
the underlying bulk GaAs layers. Data taken at 4.2 K and 7 
Tesla with pump and probe spectra centered at 780 nm and 
820 nm respectively. 

This trace was taken at 4.2 K and 7 Tesla with excitation 
density 1.1 x 10"'^^ photons/cm^ per pump pulse. Pump 
and probe spots were overlapped and had slightly larger 
diameters than the optimum values measured before. Os- 
cillations of the Kerr angle in the TRKR trace are due to 
precession of the optically oriented spins in the applied 
magnetic field. From the measured precession frequency 
I/, the effective g-factor g* of conduction electrons can be 
obtained utilizing the relation: 

g* = hi^/fisB (2) 

where /is is Bohr's magneton, B is the applied magnetic 
field, and h is Planck's constant. Fourier transform of 
this TRKR measurement (inset in Fig. |4]) shows that 
the signal is composed of two precession frequencies cor- 
responding to two different spin populations in the het- 
erostructure. Using the above equation, g-factor values 
of \g'i \ = 0.34 and j^jl = 0.44 are found. These g-factors 
correspond to electrons in the 2DEG and electrons in the 
underlying bulk i-GaAs layers--. 

The measured Kerr rotation signal decays as a function 
of time due to several mechanisms. One of these mecha- 
nisms is the randomization of the orientation of the trans- 
verse component of spins. In analogy with nuclear mag- 
netic resonance, this ensemble dephasing is characterized 
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by the time-constant . Another mechanism that influ- 
ences the observed signal decay is electron-hole recom- 
bination which is characterized by the time constant t^. 
Under certain conditions, a net spin polarization remains 
even after electron-hole recombiation^ , in which case Tg 
can effectively be regarded as being infinite. If this is not 
the case, the total decay time-constant of the Kerr signal 
tk will be given by: 1/tk = l/J"! + l/^e- Additionally, 
the observed Kerr rotation signal may decay due to diffu- 
sion of spin polarized electrons out of the area covered by 
the focused probe beam. This mechanism is important 
when the area of the focused probe beam is comparable 
to or less than D ■ tk, where D is the carrier diffusion 
constant. This mechanism of signal decay must be taken 
into account when measuring with tightly focused beams 
as is the case with the microscope described here. 

To separate the different contributions to the decay 
of the total spin signal it is necessary to perform addi- 
tional experiments. Isolating the spin (Tj*) and electronic 
(Te) contributions to tk requires independently measur- 
ing the carrier dynamics. A transient reflectance experi- 
ment measures the dynamics of photoexcited carriers ir- 
respective of their spin polarization from which can 
be determined. Changing from a TRKR configuration 
to a transient reflectance configuration can be done sim- 
ply by replacing the photoelastic-modulator with an opti- 
cal chopper and measuring changes in the total reflected 
probe intensity induced by excitation with a linearly po- 
larized pump pulse. The carrier diffusion constant D can 
be determined by a transport measurement or utilizing 
the ability of the microscope to excite (spin polarized) 
carriers in one location and probe them a certain dis- 
tance away as will be discussed below. 

A remarkable feature of the instrument described here 
is its ability to measure transport of spin polarized elec- 
trons under high magnetic fields. High magnetic fields 
are crucial, for example, in order to distinguish between 
different electron populations with slightly different val- 
ues of \g*\. This allows identifying the electron pop- 
ulations that give rise to the signal in spin transport 
measurements. Such is the case of the heteroj unction 
sample described above. The g- factors of electrons lo- 
cated in the 2DEG and in the bulk layers differ only by 
a small amount. In order to clearly distinguish between 
the two electron populations, the difference in their pre- 
cession frequencies must be comparable to or larger than 
the Kerr signal decay rate of both spin species. At high 
enough magnetic fields, the small difference in \g* \ trans- 
forms into a substantial difference in precession frequen- 
cies. In this case it becomes possible to identify the con- 
tribution to the observed transport of spin polarization 
from each electron population. 

Spin polarization transport was studied in the hetero- 
junction sample in order to determine the nature of the 
carriers involved in spin transport under high magnetic 
field and high photoexcitation density. With overlapped 
pump and probe spots, the Kerr rotation signal ampli- 
tude was first maximized by adjusting the focus. Figure 
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FIG. 5: Time-resolved Kerr rotation response of the het- 
erojunction 2DEG sample at high photoexcitation density 
(4.2 X 10^* photons/cm'^). Plot (a) measured with overlapped 
pump and probe spots shows a monotonic decay of the signal. 
Plot (b) measured with pump and probe spots separated by 6 
fira. The inset shows the measured spatial profile (dots) and 
Gaussian fit (solid line) of non-overlapped pump (right peak, 
FWHM ~3.4 ^m) and probe (left peak, FWHM ~1.9 ^m) 
beams. In case (b), the Kerr signal grows for the first few 
hundred picoseconds showing that diffusion of spin polarized 
carriers takes place from the area covered by the pump spot 
to the probed area. At delays greater than approx. 400 ps the 
signal starts to decay due to spin dephasing, electron-hole re- 
combination and electron diffusion outside of the probed area. 
Fourier transform of this Kerr rotation trace reveals a single 
population with IgJI = 0.44. Thus, at this high photoexcita- 
tion density, the spin diflusion signal is dominated by carriers 
from the underlying bulk GaAs layers. Data taken at 4.2 K 
and 7 Tesla with pump and probe spectra centered at 780 nm 
and 820 nm respectively. 



|5]a shows the TRKR signal obtained in this configuration 
at 7 Tesla and 4.2 K. Subsequently, the pump spot was 
displaced away from the probe spot. In this configura- 
tion, the spot profiles and separation were measured by 
the knife edge technique described earlier (inset in Fig. 
|5]). Spot diameters (FWHM) were measured to be ^1.9 
/im and ~3.4 /xm for the pump and probe respectively. 
The difference in spot diameters is due to the different 
central wavelengths of the two beams (780 nm and 820 
nm for the pump and probe respectively) and chromatic 
aberration from the single-element objective lens. The 
separation between the pump and probe spots is 6 /im. 
From the measured spot diameters the pump photon den- 
sity is determined to be 4.2 x 10^* photons/cm-^ while the 
probe photon density is approximately half of this. This 
photon density is 3 orders of magnitude higher than the 
density of electrons in the 2DEG. 

The TRKR trace measured with 6 //m separation be- 
tween the pump and probe spots is shown in plot (b) of 
Fig. [s] With overlapped pump and probe spots (plot (a) 
in Fig. [5]) , the amplitude of the Kerr signal decays mono- 
tonically with time. This is determined both by the decay 
of spin polarization and by the diffusion of carriers away 
from the area covered by the pump and probe beams. 
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The spin polarized carriers that diffuse away from the 
area covered by the pump are detected when measured 
with non-overlapped spots. The time it takes for the 
carriers to diffuse 6 /im gives rise to the slow increase 
in the amplitude of the envelope of the Kerr signal that 
peaks at a delay of approximately 400 ps. In addition, as 
will be discussed below, the Kerr signal with separated 
pump and probe shows coherence up to much longer de- 
lays. It is important to note that diffusion takes place 
predominantly in the plane of the sample and not along 
the growth direction because the multilayer buffer be- 
tween the sample substrate and accumulation layer acts 
as a barrier for carrier diffusion. Fourier analysis of the 
data taken with non-overlapped spots reveal that only 
electrons with \g*\ = 0.44, that is bulk GaAs electrons, 
are observed in this measurement. 

The signal obtained with non-overlapped spots can be 
modeled assuming that the width of the Gaussian profile 
of the carrier density excited by the pump pulse increases 
with time due to carrier diffusion with diffusion constant 
D. As spin polarized carriers diffuse radially, some en- 
ter the region covered by the probe spot increasing the 
amplitude of the Kerr signal. Spin relaxation also takes 
place, which ultimately causes a decrease in the Kerr sig- 
nal amplitude. Analysis of the data reveals that the Kerr 
signal decay time-constant tk is ~700 ps and the diffu- 
sion constant D is ~70 cm^/s. This value of the diffusion 
constant is consistent with the conclusion that only bulk 
GaAs spins contribute to the observed signal since the 
diffusion constant of 2DEG electrons is more than an or- 
der of magnitude larger. 

Time-resolved Kerr rotation measured with large di- 
ameter (>100 ^m) overlapped spots is insensitive to sig- 
nal loss due to diffusion of carriers out of the area covered 
by the laser spots. Experiments with large spots on the 
same sample and under similar conditions to those dis- 
cussed abov^ yield a tk no larger than 300 ps. This is 
more than two times shorter than the tk retrieved from 
the measurements with non-overlapped spots. The rea- 
son for the slower spin relaxation rate observed with non- 
overlapped spots is probably that spin polarized electrons 
become spatially separated from holes due to their larger 
diffusion constant. Electron spin- flips due to electron- 
hole scattering has been shown to be an important spin 
relaxation mechanism in GaAs quantum-well^^. 

The Kerr signal decay time constant of 2DEG elec- 
trons decreases as the excitation density N^x increases^ 
approximately as tk oc N^^-^. This is the reason that 
at high photon densities only electrons with g* = —0.44, 
i.e., electrons in bulk GaAs, contribute to the Kerr signal. 
At low photoexcitation densities spin polarized electrons 
in the 2DEG can be resolved in TRKR measurements as 
shown in Fig. |4] 

Low excitation density (1 x 10^^ photons/cm^) mea- 
surements were realized on a single quasi- ID wire fab- 
ricated on the heterojunction sample and demonstrate 
spin transport by 2DEG carriers. A grating structure 
with 1.6 ^va period was fabricated on the sample sur- 
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FIG. 6: Time-resolved Kerr rotation measurements on the 
2DEG sample with quasi-lD channels taken with pump and 
probe spots separated by ~4 ^m. Plot (a) shows measure- 
ments with pump and probe spots focused along the same 
channel as depicted in the inset. Two spin populations con- 
tribute to the total Kerr signal as evidenced by the beating 
pattern and by the Fourier spectrum of this data, shown in 
plot (c). The high frequency population (~42 GHz) corre- 
sponds to electrons in bulk GaAs. The low frequency popu- 
lation (~32 GHz) corresponds to electrons in the 2DEG that 
difluse along the quasi-lD channel from the area covered by 
the pump spot to the probed area. Plot (b) shows measure- 
ments with pump and probe spots separated by ~4 fj,m but 
focused on different channels in the manner depicted in the in- 
set. Fourier transform of this trace, plot (d), presents a single 
peak corresponding to electrons with g* = —0.44. Electron 
diffusion through the 2DEG is inhibited by the ridges defining 
the quasi-lD structures. Thus, only electrons diffusing from 
the area covered by the pump spot through the underlying 
bulk GaAs reach the probed area. Data taken at low photon- 
density (1 X lO'^^ photons/cm^), 80 K and 7 Tesla with pump 
and probe spectra centered at 780 nm and 820 nm respec- 
tively. 



face by lithography and wet chemical etching. 200 nm 
wide and 120 nm deep ridges defined channels on the 
2DEG of 1.4 /im width and 180 /im length. Spin trans- 
port along one of these channels was measured by TRKR 
with pump and probe spots separated by ~4 /im. The 
result is shown in Fig. [6ja. The Fourier spectrum of 
this trace shows that two spin populations contribute to 
the Kerr signal in this configuration: electrons in bulk 
GaAs and electrons in the 2DEG (peaks at 42 GHz and 
32 GHz respectively in Fig. p]c)^. Bulk electrons dif- 
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fuse isotropically in the plane normal to the growth di- 
rection. Quasi-ID electrons, on the other hand, diffuse 
only along the channel because the ridges of the grating 
confine the carriers to remain within the channel. For 
this reason, when the probe spot is focused on a different 
channel than the pump pulse, no Kerr response from the 
2DEG is observed. Figure |6]b shows the TRKR signal 
measured with pump and probe spots separated by ~4 
/xm but each one focused on a different channel. The 
Fourier spectrum of this measurement. Fig. [6jd, shows 
no peak at the precession frequency of the 2DEG spins. 
This experiment demonstrates that the Kerr microscope 
can measure transport of spin polarization at distances 
as short as 4 /im. The ability to resolve spin transport 
with such high spatial resolution is essential, for example, 
for measuring ballistic spin transport where the relevant 
length scale is of the order of the electron mean free path. 

IV. SUMMARY 

In this article a compact cryogenic sample-scanning 
microscope designed for static and time-resolved Kerr ro- 
tation measurements in high magnetic fields is described. 
The instrument has spatial resolution of 1 /im and tem- 
poral resolution utilizing the full laser spectrum of 20 fs. 
The microscope features the capability of easily changing 
from Voigt configuration to Faraday configuration due to 
the use of compact optics and translation systems on the 
insert of a magneto-optical cryostat with split-coil mag- 
net. The instrument is designed for measuring spin trans- 
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port in micro and nanostructures and can thus polarize 
and probe spins at different locations on a device. 

The capabilities of the microscope were demonstrated 
by measuring transport of spin polarization by quasi- ID 
electrons over micrometer distances such that we can now 
explore ballistic transport. For these experiments high 
spatial resolution, high magnetic field operation and the 
ability to spatially separate pump and probe spots on the 
sample are necessary. 

The power and versatility of the Kerr microscope de- 
scribed above anticipate diverse applications in spintron- 
ics such as tracing of spin packet transport in spintronic 
circuits, investigation of spin-filte ring o f electric currents 
in interconnected wire struct ure d^^ * ^^ !, mapping the ef- 
fect of anisotropic spin-orbit fields on spin diffusion in 
2D electron systema^^ and characterization of ballistic 
spin transport. 
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